This paper reviews the potential of the newly discovered and unexpected 39 K superconductor MgB2 as a material for accelerator magnet strands. Unlike the high temperature cuprate superconductors, intergranular current flow in MgB2 is not obstructed by weak links, removing one serious obstacle to the fabrication of wires. The critical current density J, exceeds lo5 A/cm2 in 1 T field at 4.2 K and in self-field at 20 K. However, the compound is anisotropic and the perpendicular upper critical field HCzl in present bulk samples is comparable to or less than that in Nb47wt.%Ti at 4.2 K. Thin films have shown significantly higher J, and HCz. Magnetization J, values at 4.2 K exceed lo6 A/cm2 in many reports, and approach lo7 A/cm2 for films with T, close to 39 K. In alloyed films with small grain size and high resistivity, the irreversibility field H* (-O.85Hc2) is 16 T at 4.2 K in perpendicular field (and double that in parallel field), and J, exceeds lo5 A/cm2 up to 10 T at 4.2 K and 5 T at 20 K.
CONSTRAINTS ON USE OF SUPERCONDUCTORS FOR MAGNETS
The possibilities for application of any superconductor in a magnet are determined by the critical temperature T, and the upper critical field Hc2. These thermodynamic quantities set the energy scale for the superconducting state, but Hc2 can be significantly increased by reducing the electron mean free path. Increasing electron scattering by alloying, as by adding 47wt.%Ti to pure Nb produces little change in T, but enhances HC2 from <1 T to about 12 T at 4.2 K. Adding 1 wt.%Ti to Nb3Sn raises Hc2 by about 10%. While both Nb and Nb$n are cubic and only weakly anisotropic, crystalline anisotropy can produce significant variation of H,, in layered superconductors due to differences in electron transport with respect to the crystal symmetry axes. Untextured forms of anisotropic superconductors such as MgB2 and the high-temperature superconductors (HTS) are then limited by the lower value of Hc2, that is for fields applied perpendicular to the superconducting planes (H,2l) .
Practical limits for application of superconductors are further defined by the irreversibility field H*, at which *Work suppozcd by the US Department of Energy, with additional facilities support from the US National Science Foundation. flux pinning is lost and the critical current density J, falls to zero. The maximum operating points for magnets are -0.8H* because of the need to have finite J, in the windings. The irreversibility fields of Nb-Ti, Nb3Sn and MgBz as a function of temperature are shown in fig. 1 . Due to the finite thermal energy of the magnetic flux-line lattice, all three materials have H* 10-15% below Hc2. Nb47Ti magnets can thus reach -9 T at 4.2 K while Nb3Sn magnets can reach 20 to 22 T at 4.2 K. In principle, HTS and Chevrel-phase conductors can reach still higher fields; for example, Bi-22 12 conductors were recently used to make fields up to 23 T [l] . However, HTS conductors are limited by their anisotropy, and both HTS and Chevrel-phase conductors have processing difficulties.
Conductor form matters-anisotropic conductors generally have better performance when made as tapes but such conductors are difficult to implement in accelerator magnets because there is no obvious way to make a hlly transposed Rutherford cable from flat tapes. Thus round wire Bi-2212 is presently the only HTS material suitable for accelerator magnets.
Given a defining H*(T) envelope, the critical current density Jc(H, T ) becomes the index of superconductor performance because it determines the amount of conductor needed to achieve the required ampere-turns of the magnet. J, is determined by the vector force balance between flux pinning forces exerted by the microstructure on the flux lines and the Lorentz force of the applied current. Increasing the total pinning force, either by adding more pinning sites or by changing the mechanism by which magnetic flux interacts with material defects, results in higher J,.
CRITICAL FIELDS OF MAGNESIUM DIBORIDE
The principal purpose of this paper is to discuss the potential for accelerator magnet application of the new superconductor MgB2. Since the compound was only reported to be superconducting in January 2001, much remains to be learned and any comments made at this time are subject to revision in light of a significant worldwide effort to understand its limits ,of performance. As indicated in fig 1, MgB2 Temperature (K) [19] . Here parallel refers to field aligned with the magnesium and boron layers. In contrast to Nb-Ti and Nb3Sn, bulk samples and single crystals of MgB2 so far exhibit clean-limit behavior, with low values of resistivity, resistivity ratios significantly greater than 1, and a small slope of HC2(T)
[7]-[10]. At 4.2 K the higher, that is parallel, upper critical field of bulk samples approaches 18 T. In contrast, thin films have very small grains [20] , [21] , and can incorporate oxygen into the MgB2 layer [20] . Some films exhibit dirty-limit behavior, with high resistivity, resistivity ratios close to 1, and a much steeper slope of HC2(r) than is found in bulk samples. Upper critical field curves for bulk samples and c-axis textured, alloyed films are compared in fig. 1 . In parallel field, Hc2(0) is as high as 39 T in the alloyed films, higher than the upper critical field of Nb3Sn.
However, the highest value in perpendicular field is about 22 T.
Bulk samples are largely untextured and their irreversibility fields are about half of the parallel upper critical field, increasing at a rate of about 0.25 T/K below T,. At 4.2 K, bulk samples have H* mostly -7 T, fig. 1 . Wires and tapes also fall into this range. It is important to note that for these early samples the variation of H* indicated in fig. 1 is mostly due to the different electric field of the measurements, with higher H* values being determined by transport measurements than by magnetization measurements.
Actual variations in superconducting properties are probably much less, and it will be important to develop a benchmark for comparing superconducting properties on a consistent basis. In addition, the large difference between H, 2 and H* for bulk samples is a direct consequence of the lack of texture and the electronic anisotropy. H*(r) is defined by the first onset of dissipation, which occurs for those grains oriented perpendicular to the field, while Hc2( r ) is defined by the loss of reversible superconducting magnetization in those grains whose planes are parallel to the applied field. In [22] it was shown that irradiation of bulk samples increases H*, though it is unclear whether this is due to enhanced flux pinning or to enhanced scattering. The much higher upper critical field of alloyed thin films produces much higher values of H* in both parallel and perpendicular field.
For applications, the lower perpendicular value H*l defines the onset of dissipation and thus controls magnet design. Extrapolated transport data [6] indicate H*l is above 16 T at 4.2 K in these films. An interesting result, shown in fig. 2 , is that many bulk samples prepared by different routes in different laboratories exhibit identical Hc2(T) and H*(l'). These common values of Hc2, T, and H* suggest that there is little variation from MgBz stoichiometry in the binary Mg-B system. This is unlike Nb3Sn and other A-15 materials, which exhibit a range of composition and are susceptible to variations in superconducting properties brought about by a non-equilibrated diffusion reaction [4], 1231.
Jc AND FLUX PINNING
A fundamental issue addressed early on is the question of whether or not current flow between MgB2 grains is blocked by weak links, as it is for HTS materials. In [9], combined electron microscopy and magneto-optical imaging showed that induced supercurrents flowed were determined by the disappearance of reversible magnetization, and the values of H*(Q were determined by extrapolations of Kramer plots to zero, as discussed in [9] . The lines are fits by eye.
around entire regions consisting of many tiny grains, indicating a lack of any weak links between the grains. Many subsequent studies have confirmed this conclusion [24] - [26] . Subsequent experiments [27] have found that it is even possible to obtain high J, values in powder-in-tube wires by rolling without subsequent sintering. Thus, on the whole MgB2 is a well-connected intermetallic superconductor more akin to Nb3Sn than to HTS. However, most present sample are less than fully dense and many contain insulating phases such as MgO and B203, which can form barriers between grains [21] , [28] . MgBz is sensitive to the environment and appropriate precautions for avoiding degradation are only now being worked out. Magnetization measurements of early pressed bulk samples suggested that high J, was already present despite the inhomogeneity of samples. Using the dimensions of grain colonies, [9] deduced J, of 10' to lo6 Ncm2 at low fields and 4.2 K from VSM and magneto-optical measurements. Transport measurements carried out in [7] and [SI on samples with better homogeneity gave similar low-field J, values. A grain-boundary pinning mechanism was inferred [9] based on the temperature scaling and the shape of the bulk pinning force curve. Since this mechanism is also the dominant pinning mechanism in Nb3Sn composites, J, should increase inversely with grain size. Explicit proof of this hypothesis has not yet been provided, however.
Higher J, values have been reported in thin films [20] , [29] - [32] where many results exceed lo6 to lo7 Ncm2 in low field at 4.2 K. Electron microscopy [21] , [30] and other analyses [20] show that very small grains, as small as 10 nm in size, are produced in films made by pulsed ,laser deposition. The high number density of grain boundaries is consistent with such high J, values. In Field (T) Fig. 3 . Critical current density as a function of perpendicular applied field at 4.2 and 20 K for thin film MgB2 samples. These data were obtained from [20] and [29] . Magnetization measurements were used to determine the J, values.
addition, transmission electron microscopy shows a substantial fraction of insulating MgO particles -10 nm in size. These are likely additional flux-pinning centers, since the diameter of magnetic flux lines is about this size.
In contrast to the magnetization data for bulk samples, the pinning-force curve did not show temperature scaling [20] , perhaps because the fine-scale MgO pinning sites added to the flux pinning at lower temperatures when the particle size and the vortex core diameters (-7 nm at 4.2 K) were comparable, raising J, values above 1 0' Ncm2 up to 10 T (perpendicular) field at 4.2 K. Critical current density data demonstrating these points is shown in fig. 3 .
MgBz WIRES
Within less than two weeks of the announcement of MgB2 as a superconductor, Canfield et al. [SI showed that 100-200 pm MgB2 filaments could be produced by reaction of Mg vapor with industrially available continuous boron filaments. Unfortunately, significant cracking occurs due to the large volumetric expansion of the filaments upon reaction has so far rendered this elegant route impractical.
More recent wire fabrication has used both pre-reacted MgBz and mixed Mg and B powders in a powder-in-tube (PIT) process with a ductile metal sheath. A key issue is finding a suitable metal that will act as diffusion barrier and prevent the formation of harmful intermetallics with Mg or B and with a stabilizer such as Cu. Jin et al. [33] ' pointed out that MO, Nb, Ta, V, W, Hf and Fe are suitable, Fe being cheap (although ferromagnetic too of course). Iron-boron compounds may be less stable than MgB2, which is also desirable: Jin et al. MgBz powders were fabricated inside Cu, Ag, and Ni tubes without any diffusion barrier because good contact between grains could be obtained without sintering. Critical current densities above lo5 Ncm2 were reported in self field at 4.2 K. It also appears that the sheath may need to apply significant compressive stress to the powder core, as indicated by . the correlation between sheath strength and J, in [27] . This point is also addressed in [ 111, where better performance was found for wires made with a Ta diffusion barrier and a reinforcing steel sheath outside the copper stabilizer. One reason for the better performance might be related to pulverization of the MgB2 powder during wire deformation. Since it is difficult to prevent surface contamination of MgB2 powder, fragmentation may be needed to expose the clean MgB2 surfaces needed for superconducting continuity. It has also been reported that ball milling to reduce the MgB2 powder to submicron particle size is valuable in enhancing J, [ 121. The best J, exceeds 1 Os Ncm2 at 4.2 K and 1.5 T, and lo4 Ncm2 at 4.2 K and 6.5 T was found for iron-sheathed tapes. A slight reduction in T, was also noted, to 37 K. This may indicate a greater influence of electron scattering by grain boundaries in these wires and tapes, similar to what is observed in thin films. Very recently, doping with Ti was reported to improve the density of the MgB2 core, resulting in high magnetization current densities at 4.2 K [13] . These data are also included in fig. 4 .
One of the potential difficulties already observed is the formation of a resistive barrier between the iron sheath and the MgB2 core. In [15] , it was suggested that iron oxides on the inner surface of the sheath are reduced by either excess magnesium or by the decomposition of MgB2 into Mg vapor and higher magnesium-borides. This produced a large interface resistance and general difficulty in transferring current into the superconductor. As a whole there are still significant difficulties in making transport measurements on MgB2 wires and many more measurements have been made by magnetization than by transport. This sometimes leads to significant difference in Jc magnitudes. This difference was explicitly examined in [ 161. Exponents (n-values) of the power-law resistive transition at the critical current, E = (J/Jc)", were usually less than 10. Since the electric field E for inductive measurements, such as dc magnetization or ac susceptibility, is orders of magnitude below that of transport measurements, transport J, values can be a factor of 2 or more higher than inductive J, values. By contrast, high-quality Nb-Ti and Nb3Sn strands have n values of 50 or more, and J, values vary only by a few percent. One reason for the low n values is the inhomogeneity of the current-carrying cross-section in these early strands. However, other work [22] , [34] , [35] raises concern that flux creep is rapid at high fields, which would exacerbate this effect in high-field magnets. As with the irreversibility field discussed earlier, a benchmark is needed to allow useful comparisons of critical current density data from different sources.
Conductor designs are still rather primitive, most being simple monofilament designs with core diameters of 100 pm or more. It is clear that the fabrication of the very hard MgB2 powder within softer metal tubes is not without problems, suggesting that the route to a multifilament conductor geometry will not be easy. It is worth remembering that accelerator conductors are amongst the most sophisticated ever developed, fine filaments of order 5-50 pm being required in round wires that can withstand cabling into multikiloamp conductors. Flux-jump instabilities have been noted in several reports, reflecting the large filament diameters studied so far. Another potential problem, at least for magnetization evaluations, are ferromagnetic Fe and Ni sheaths, which must be removed prior to measurement. Due to the reactivity of Mg, etching such barriers away is not yet possible.
SUMMARY
Although the research and development effort has barely begun, MgB2 already exhibits ,many favorable properties that suggest that it could become useful for magnet applications. Current flow between grains is not weak-linked, and so far no evidence for any intrinsic limitation to the current carrying capacity has emerged. The irreversibility field of bulk forms, wires, and tapes is comparable to that of Nb47wt.%Ti alloy at liquid helium temperature, about 8 T. Thin films suggest the potential for increasing this value to perhaps 16 T by alloying. Primitive powder-in-tube conductors attain at least 1 Os A/cm2 critical current densities in low fields at 4.2 K, even without heat treatment to sinter the powder core together. Thin films suggest more than 10 times higher J, values might be obtained for wires or tapes with smaller grain size, full density, and perhaps added MgO. In addition to these demonstrated results, the potential low cost and abundance of raw materials (Mg, B, Cu, and Fe diffusion barriers) and the low density (2.7 g/cm3) are attractive. Significant impact on magnet applications should result if MgB2 wires and tapes that at least partly replicate properties found in thin films can be produced.
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